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ABSTRACT

Chandra X-ray observations of NGC4342, a low stellar mass (MK = −22.79 mag) early-type galaxy,
show luminous, diffuse X-ray emission originating from hot gas with temperature of kT ∼ 0.6 keV. The
observed 0.5−2 keV band luminosity of the diffuse X-ray emission within theD25 ellipse is L0.5−2keV =
2.7 × 1039 erg s−1. The hot gas has a significantly broader distribution than the stellar light, and
shows strong hydrodynamic disturbances with a sharp surface brightness edge to the northeast and
a trailing tail. We identify the edge as a cold front and conclude that the distorted morphology of
the hot gas is produced by ram pressure as NGC4342 moves through external gas. From the thermal
pressure ratios inside and outside the cold front, we estimate the velocity of NGC4342 and find that
it moves supersonically (M ∼ 2.6) towards the northeast. Outside the optical extent of the galaxy
we detect ∼17 bright (L0.5−8keV & 3 × 1037 erg s−1) excess X-ray point sources. The excess sources
are presumably low-mass X-ray binaries (LMXBs) located in metal-poor globular clusters (GCs) in
the extended dark matter halo of NGC4342. Based on the number of excess sources and the average
frequency of bright LMXBs in GCs, we estimate that NGC4342 may host roughly 850 − 1700 GCs.
In good agreement with this, optical observations hint that NGC4342 may harbor 1200 ± 500 GCs.
This number corresponds to a GC specific frequency of SN = 19.9± 8.3, which is among the largest
values observed in full-size galaxies.
Subject headings: galaxies: individual (NGC4342) — galaxies: stellar content — intergalactic medium

— X-rays: galaxies — X-rays: ISM

1. INTRODUCTION

The observed X-ray emission from low-stellar mass
(M < 1011 M⊙) early-type galaxies is usually determined
by the population of LMXBs, whose typical luminosity
is in the range of 1035 − 1039 erg s−1 (Gilfanov 2004).
Additionally, diffuse emission is also present, whose ori-
gin can be twofold. On the one hand, fraction of the (or
up to the entire) diffuse emission originates from faint
(1027−1035 erg s−1) unresolved compact objects, mostly
coronally active binaries (ABs) and cataclysmic variables
(CVs) (Revnivtsev et al. 2006; Sazonov et al. 2006). On
the other hand, truly diffuse X-ray emission may also
be present from sub-keV temperature ionized interstellar
medium (e.g. Mathews & Brighenti 2003; David et al.
2006; Bogdán & Gilfanov 2011).
In the present paper we investigate the X-ray emitting

components of NGC4342, a low-stellar mass lenticular
(S0) galaxy (de Vaucouleurs 1991) with an ∼8 Gyrs old
stellar population. The major motivations of this study
are (1) to understand the nature and physical properties
of the diffuse X-ray emission in and around NGC4342
and (2) to explore the population of resolved sources.
To carry out the analysis we rely on deep Chandra X-
ray observations of NGC4342. The sub-arcsecond angu-
lar resolution of Chandra permits us to resolve bright
LMXBs even in the central regions of the galaxy with
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high source density. Therefore the diffuse emission can
be separated from the population of LMXBs, allowing us
to perform in-depth studies of the various X-ray emitting
components.
A peculiar property of NGC4342 is that it hosts an

unusually massive black hole relative to its low bulge
mass (Cretton & van den Bosch 1999), yielding one of
the highest black hole-to-bulge mass ratios in the lo-
cal Universe (Häring & Rix 2004). Recently, we studied
the origin of this discrepancy between the massive black
hole and the low bulge mass in NGC4342 (Bogdán et al.
2012). We demonstrated that the galaxy has a massive
dark matter halo extending well beyond the optical size
of the galaxy. The existence of a dark matter halo led us
to conclude that the high black hole-to-bulge mass ratio
is not the result of tidal stripping, in which the domi-
nant fraction of the stellar population of NGC4342 was
removed. Instead, NGC4342 formed as a low stellar mass
system with a massive black hole, implying that the black
hole and bulge did not grow in tandem (Bogdán et al.
2012).
In projection NGC4342 is located in the outskirts of

the Virgo cluster, 5.25◦ southwest from M87, the cen-
ter of the Virgo cluster. The large-scale DSS R-band
image, shown in Fig. 1, reveals a large galaxy density
in the vicinity of NGC4342. Besides a number of low-
mass galaxies, the massive elliptical galaxy, NGC4365,
is located 20′ to the northeast of NGC4342. The large
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Fig. 1.— DSS R-band image of a 1◦×1◦ region around NGC4342,
which is centered in the image. The massive elliptical galaxy,
NGC4365 is located approximately 20′ (130 kpc in projection) to
the northeast of NGC4342. The neighborhood of NGC4342 is very
dense, an overdensity of low mass galaxies lie in within 0.5◦ (200
kpc in projection) of NGC4342. The overplotted box shows the
field-of-view of the ACIS-S3 CCD.

galaxy density and the presence of substructure around
NGC4365 has already been recognized by de Vaucouleurs
(1961), who designated this substructure as the W ′

cloud. In his morphological and kinematical study of the
Virgo cluster, Binggeli (1987) raised and studied the pos-
sibility that the W ′ cloud is not part of the Virgo cluster,
but is a galaxy group behind the cluster. In a more recent
study, Mei et al. (2007) measured the distances of several
galaxies associated with the W ′ cloud using the surface
brightness fluctuation method, and concluded that those
galaxies lie at a distance of 23 ± 1 Mpc. In particular,
Mei et al. (2007) found that NGC4365, which is presum-
ably the most massive galaxy and hence the center of
the group, is located at a distance of 23.3 ± 0.3 Mpc.
Thus, the W ′ cloud while projected on the Virgo cluster,
but lies ∼7 Mpc behind it at a distance of ∼23 Mpc.
Although NGC4365 is a relatively X-ray faint giant el-
liptical (Sivakoff et al. 2003; Bogdán & Gilfanov 2011),
a recent study by Blom et al. (2012) demonstrated that
its GC population extends well beyond the optical ex-
tent of the galaxy. In particular, the population of blue
GCs, which are believed to trace the dark matter ha-
los of galaxies (e.g. Bassino et al. 2006; Brodie & Strader
2006), extend out to at least 134 kpc (Blom et al. 2012).
This indicates that NGC4365 presumably resides in a
massive dark matter halo, hence it is feasible that the
galaxy is the center of the W ′ cloud. Moreover, in Sect.
3.1.2 we discuss that NGC4342 is falling with supersonic
velocity towards NGC4365, hence NGC4342 is also likely
to belong the W ′ cloud. Therefore we assume in the fur-
ther discussion that NGC4342 is located at D = 23 Mpc.
At this distance 1′′ corresponds to 111 pc.
Although NGC4342 most likely belongs to the W ′

cloud behind Virgo cluster, in the absence of accurate
distance measurements, we cannot exclude the possibil-
ity that it is part of the NGC4472 sub-group of the Virgo

cluster at a distance of ∼16 Mpc. NGC4472, the dom-
inant member of the sub-group, is located at ≈1.8◦ to-
wards the northeast of NGC4342, which corresponds to
a projected distance of ∼500 kpc. We stress that while
varying the distance of NGC4342 from 23 Mpc (if associ-
ated with theW ′ cloud) to 16 Mpc (if associated with the
Virgo cluster) changes some of the quantities computed
throughout the paper, none of our major conclusions are
affected.
The Galactic column density towards NGC4342 is

NH = 1.6 × 1020 cm−2 (Dickey & Lockman 1990). The
D25 ellipse of NGC4342 has major and minor axis radii
of 37.8′′ (4.2 kpc) and 19.4′′ (2.2 kpc), and the major
axis position angle is 166.5◦. Throughout the paper we
assumeH0 = 71 km s−1Mpc−1,ΩM = 0.3, and ΩΛ = 0.7.
The errors quoted in the paper are 1σ uncertainties.
The paper is structured as follows: in Sect. 2 we in-

troduce the X-ray and K-band observations and describe
their reduction. In Sect. 3 we study the nature and
physical properties of the diffuse X-ray emission, and in-
vestigate the dynamics of NGC4342. The population of
resolved point sources is examined in Sect. 4. The results
are summarized in Sect. 5.

2. DATA REDUCTION

2.1. Chandra

NGC4342 was observed twice by Chandra on 2005
February 11 for 38.8 ks (Obs ID: 4687) and on 2011
February 17 for 73.7 ks (Obs ID: 12955) with the ACIS-S
detector. The data reduction was performed using stan-
dard CIAO software package tools (CIAO version 4.3;
CALDB version 4.4.2). The main steps in the data ana-
lyis are those outlined in Bogdán & Gilfanov (2008). Af-
ter filtering flare contaminated time intervals, the total
remaining exposure time was 78.8 ks. The data were
combined by projecting the shorter observation into the
coordinate system of Obs ID 12955. Point sources were
detected with the CIAO wavdetect tool in the 0.5− 8
keV energy range. For the point source detection the un-
filtered merged data was used, the longer exposure time,
obtained without omitting periods of high background,
allowed a more sensitive detection of point sources. The
spatial scales on which we searched for sources were the√
2-series from 1.0 to 8.0. Additionally, we changed a

number of parameters from their default values1, in par-
ticular we set the value of eenergy to 0.5, maxiter to
10, iterstop to 10−5, and ellsigma to 4. As a result
we obtained relatively large source cells, which include
& 98% of the source counts. The resulting source list
was used to study the population of bright X-ray sources
and to mask out the point sources for further study of
the diffuse emission.
To correct for vignetting and to estimate source detec-

tion sensitivities, exposure maps were produced using a
power law model for the source emission with a slope of
Γ = 1.56, typical for LMXBs (Irwin et al. 2003). Assum-
ing this spectrum and 7 photons as a detection threshold,
the source detection sensitivity of the combined observa-
tion is ∼3×1037 erg s−1. The X-ray energy spectra of the
diffuse emission were extracted using the specextract
tool of CIAO.

1 For detailed description of the modified parameters see
http://cxc.harvard.edu/ciao/

http://cxc.harvard.edu/ciao/
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Fig. 2.— Chandra ACIS-S3 image of NGC4342 and its surround-
ings in the 0.3− 1.5 keV energy range. Contours show isophotes of
the galaxy in the K-band light. The X-ray emission associated with
NGC4342 has a significantly broader distribution than the stellar
light. The diffuse emission shows a sharp surface brightness edge
at the northeastern side and a trailing tail at the southwestern side
of the galaxy.

For the study of the unresolved emission, the use of
local background was not possible, since the diffuse emis-
sion fills the entire field-of-view (FOV). Therefore we re-
lied on “blank-sky” observations2 to subtract the sky and
instrumental background components. To account for
variations in the normalization of the instrumental back-
ground, we normalized the background level using the
10− 12 keV band count rate ratios.
The temperature map was derived using the method

described by Randall et al. (2008). For each temperature
map pixel, we extracted a spectrum from a circular region
containing a minimum of 400 net counts in the 0.3−2 keV
energy range. The resulting spectra were fitted with an
absorbed APEC model with Xspec, with an abundance
fixed at 0.4 Solar (Grevesse & Sauval 1998).

2.2. Two-Micron All Sky Survey

Since the near-infrared images of the Two-Micron
All Sky Survey (2MASS) Large Galaxy Atlas (LGA)
(Jarrett et al. 2003) are excellent stellar mass tracers,
we relied on the 2MASS K-band data for this purpose.
The K-band images of NGC4342 are not background sub-
tracted, therefore nearby regions off the galaxy were used
to estimate the background level. To convert the counts
of the K-band image to luminosity, we assumed that the
absolute K-band magnitude of the Sun is MK,⊙ = 3.28
mag. The total K-band luminosity of NGC4342 within
the D25 ellipse is LK = 2.7× 1010 LK,⊙.

3. DIFFUSE X-RAY EMISSION IN AND AROUND NGC4342

3.1. Diffuse X-ray emission in the soft band

3.1.1. Hot gas in NGC4342

The 0.5 − 2 keV band Chandra image of NGC4342
(Fig. 2) unveils the presence of diffuse emission associ-

2 http://cxc.harvard.edu/contrib/maxim/acisbg/

ated with the galaxy, which has a significantly broader
distribution than the stellar light. While ∼85% of the K-
band light of NGC4342 is located within an 0.7×2.2 kpc
elliptical region, the diffuse X-ray emission of NGC4342
extends to & 10 kpc. This indicates that a large fraction
of the unresolved soft-band X-ray emission is not associ-
ated with the stellar population but originates from hot
ionized gas.
To characterize the physical properties of the diffuse

emission, we extract its energy spectrum within the D25

ellipse and within a circular region with 90′′ radius cen-
tered at RA: 12h23m36.66s; Dec: +07d02m35.02s (Fig.
3 left panel). We fit the X-ray spectra with a two
component model consisting of an optically-thin thermal
plasma emission model (APEC in Xspec) and a power
law model. The former component describes the hot X-
ray emitting gas, whereas the latter describes the emis-
sion from the population of unresolved LMXBs and unre-
solved faint compact objects (Section 3.2). The column
density was fixed at the Galactic value and the abun-
dance was set free to vary. The applied model fits the
spectra well. Below ∼1.5 keV energy the spectra are
dominated by the thermal component, thereby confirm-
ing the gaseous nature of the X-ray emission. The best
fit temperature and abundance of the hot gas within the
D25 ellipse is kT = 0.63± 0.03 keV and 0.41+0.10

−0.07 Solar
(Grevesse & Sauval 1998). Within the larger circular re-
gion we obtained similar values, namely kT = 0.64±0.02
keV and 0.47+0.24

−0.12 Solar abundance (Grevesse & Sauval
1998). This suggests that the X-ray emitting gas is ap-
proximately isothermal within the studied 90′′ region.
From the emission measure (

∫

nenhdV ) of the hot gas,
the gas mass can be estimated. Within the D25 ellipse we
obtain 2.5×107 M⊙ mass and an average number density
of 1.2× 10−2 cm−3. In the circular region, that includes
large fraction of the hot gas associated with NGC4342,
we calculate a gas mass of 2.9× 108 M⊙ and an average
number density of 2.8× 10−3 cm−3.
From the best-fit spectra we find the total 0.5− 2 keV

band X-ray luminosity of the diffuse emission. Within
the D25 ellipse we obtain 2.7 × 1039 erg s−1. Given
the total K-band luminosity of NGC4342, LK = 2.7 ×
1010 LK,⊙, the X-ray-to-K-band luminosity ratio of the

galaxy is 1.0 × 1029 erg s−1 L−1
K,⊙. Within the circular

region with 90′′ radius, we obtain 1.0 × 1040 erg s−1 lu-
minosity in the 0.5 − 2 keV band, which results in the
LX/LK ratio of 3.7 × 1029 erg s−1 L−1

K,⊙. The luminous

nature of the diffuse emission and the high LX/LK ratios
also indicate that the diffuse emission is dominated by
hot gas and only a small fraction of this component arises
from unresolved compact objects. In particular, the
LX/LK ratio of unresolved faint compact objects (ABs
and CVs) is in the range of (3−8)×1027 erg s−1 L−1

K,⊙ in

the 0.5− 2 keV band (Bogdán & Gilfanov 2011). On the
other hand, unresolved LMXBs (LX < 3× 1037 erg s−1)
are expected to contribute with an LX/LK ratio of
∼1.0×1028 erg s−1 L−1

K,⊙ in the 0.5−2 keV band. To ob-
tain this value we assume the average LMXB luminosity
function (Gilfanov 2004) and the average LMXB power
law spectrum (Irwin et al. 2003). Thus, unresolved com-
pact objects can account only for . 5% of the total X-ray
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Fig. 3.— Left: 0.5 − 2 keV band Chandra image of NGC4342. Overplotted circular wedges were used to obtain the surface brightness
profile. The position angles of the wedges are 80− 180◦ towards the northeast and 260− 360◦ towards the southwest. The small elliptical
region shows the D25 ellipse. The larger circular region with 90′′ radius was used for spectral extraction. Right: Surface brightness profile
of the 0.5−2 keV band diffuse emission. The background is subtracted and the vignetting correction is applied. At the position of the edge
(at 38′′ central distance, marked by the thin vertical line) the surface brightness drops by a factor of about 6. The x-coordinate increases
from southwest to northeast.

emission in the large circular region and for. 20% within
the D25 ellipse.
The observed LX/LK ratios in NGC4342 are atypi-

cal of low-stellar mass galaxies (.1011 M⊙), but are ob-
served in ellipticals that have ∼10− 30 times more stel-
lar mass (Bogdán & Gilfanov 2011). Although this re-
sult may be initially unexpected, it actually demonstrates
that the amount of X-ray emitting gas in galaxies de-
pends on their total gravitating mass rather than solely
on their stellar mass. Indeed, in Bogdán et al. (2012) we
pointed out that NGC4342 has a massive dark matter
halo, with a total gravitating mass in the range of (1.4−
2.3)× 1011 M⊙ within 10 kpc, which is typical of galax-
ies with ∼10 − 30 times more stellar mass (Buote et al.
2002; Humphrey et al. 2006). We therefore conclude that
neither the presence of nor the observed physical prop-
erties of the bright X-ray halo are unusual, given the
massive dark matter halo surrounding NGC4342. More-
over, the case of NGC4342 points out that part of the
scatter observed in the LX − LK (or LX − LB) relation
(e.g. O’Sullivan et al. 2001; Bogdán & Gilfanov 2011) of
early-type galaxies may be due to the fact that galax-
ies with similar stellar mass can have markedly different
dark matter halo masses.

3.1.2. The X-ray surface brightness edge

The X-ray light distribution of NGC4342 shows strong
hydrodynamic disturbances with a very distinct surface
brightness edge at the northeastern side and a follow-
ing tail at the southwestern side of the galaxy (Fig. 2).
To investigate the head-tail structure of the hot gas, we
construct a surface brightness profile and map the tem-
perature distribution of the diffuse emission.
We depict the 0.5− 2 keV surface brightness distribu-

tion in the right panel of Fig. 3. The circular wedges
used to extract the profile are shown in the left panel of

Fig. 3. The profiles are corrected for vignetting and the
background is subtracted. As indicated by the soft band
Chandra image (Fig. 2) the surface brightness abruptly
drops at the northeastern side of the galaxy at about 38′′

from the galaxy center. The decrease in surface bright-
ness is approximately a factor of six. Beyond the edge,
the surface brightness is approximately constant, indi-
cating the presence of large-scale X-ray emission outside
NGC4342. In the opposite, southwestern direction, the
surface brightness decreases continuously, but even at
∼250′′ is higher than that measured on the northeastern
side of NGC4342. To sum up, the surface brightness dis-
tribution confirms the head-tail distribution of the X-ray
emitting gas, and indicates that the galaxy is surrounded
by large-scale diffuse emission.
To map the temperature distribution of the hot X-ray

emitting gas, we used two approaches. First, we studied
the temperature distribution along the surface brightness
edge and tail using wedges with the same position angles
as for the profiles. For each region we extracted an X-
ray spectrum and fit it using an optically-thin thermal
plasma emission model (APEC in Xspec) with column
density fixed at the Galactic level and abundance fixed
at 0.4 Solar (Grevesse & Sauval 1998). The tempera-
ture distribution, shown in Fig. 4, demonstrates that
the X-ray emitting gas associated with NGC4342 is fairly
isothermal with a temperature of kT ∼ 0.6 keV. Outside
the galaxy, at the position of the surface brightness edge
the gas temperature sharply increases to ∼1 keV. At the
southwestern side of the galaxy beyond 90′′ (10 kpc in
projection) the temperature gradually rises from ∼0.6
keV to ∼0.8 keV. The low temperature of the X-ray gas
in the tail suggests that it mostly originates from galaxy
gas rather than from the hotter group gas. As a second
approach, we produced a temperature map of NGC4342
and its neighborhood using the ACIS-S3 detector (Fig.
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Fig. 4.— Temperature profile of the diffuse emission in and
around NGC4342. The spectra were extracted with similar wedges
used to obtain Fig. 3. The position of the surface brightness edge
is marked with the thin vertical line. The last two points were
obtained using the ACIS-S2 detector.

5). The temperature map, in good agreement with the
temperature profile, demonstrates that the hot gas is ap-
proximately isothermal within ∼90′′ – its temperature is
∼0.6 keV. Moreover, Fig. 5 illustrates the presence of
a sharp increase in the temperature at the approximate
location of the surface brightness edge. We note that the
offset between the actual position of the edge and the
temperature increase in Fig. 5 is the consequence of the
method used to construct the temperature map.
From the observed surface brightness distribution and

the temperature difference inside and outside the edge,
we conclude that the detected sharp surface brightness
edge is a contact discontinuity or cold front. Thus, the
observed head-tail distribution of the hot gas is produced
by ram pressure as NGC4342 moves through the exter-
nal gas (Vikhlinin et al. 2001; Markevitch & Vikhlinin
2007).

3.1.3. Large-scale diffuse X-ray emission around NGC4342

Diffuse X-ray emission is not only associated with
NGC4342, but also extends to large scales around the
galaxy. To study the external diffuse emission, we
extracted its X-ray energy spectrum using three off-
axis Chandra detectors, namely ACIS-S2, ACIS-I2, and
ACIS-I3. For each detector the extraction region was
a 400′′ × 400′′ rectangle centered on the center of the
CCD. The resulting spectra were fit with an optically-
thin thermal plasma model (APEC model in Xspec)
with abundance fixed at 0.4 Solar (Grevesse & Sauval
1998). The spectral fits are statistically acceptable,
which suggests that the emission originates from hot
group/cluster gas. The best-fit temperatures are in the
range of kT = 1.03 − 1.20 keV and agree within sta-
tistical uncertainties. Given the best-fit parameters, we
also compute the average surface brightness of the ex-
ternal emission and found it to be fairly uniform. On
each off-axis CCD the surface brightness level is between
(2.4− 3.0)× 10−15 erg s−1 cm−2 arcmin−2.
The fairly uniform properties of the external gas out to

∼15′ (∼100 kpc in projection) distance from NGC4342
suggest that this emission has a large extent compared
to the galaxy. Given the proximity of NGC4365 to
NGC4342, which is presumably the center of the W ′

Fig. 5.— Temperature map of NGC4342 and its environment
derived from ACIS-S3 data. The color-bar gives the temperature
in keV. The cross marks the center of NGC4342. The temperature
within the central ∼90′′ region is fairly isothermal but shows a
sharp increase at the approximate position of the surface brightness
edge.

cloud, it is plausible that a large fraction of the ob-
served external diffuse emission is associated with the
W ′ cloud. Since NGC4342 lies 130 kpc in projection to
the southwest from NGC4365, the existence of the group
gas around NGC4342 places a lower limit on the extent
of the W ′ cloud. We note that according to the study of
Mei et al. (2007) the extent of theW ′ cloud may be much
larger than this lower limit, since two galaxies (NGC4434
and NGC4318), presumably belonging the group, lie at a
projected distance of ∼1◦ (∼400 kpc in projection) from
NGC4365.
However, the presence of the underlying Virgo clus-

ter emission introduces a major caveat in exploring the
properties of the group gas. At the position of NGC4342,
the temperature of the Virgo cluster gas may be similar
or somewhat higher than kT ∼1.1 keV, furthermore its
abundance may be also close to 0.4 Solar. Therefore, the
hot X-ray emitting gas, originating from the W ′ cloud is
virtually indistinguishable from the Virgo cluster emis-
sion. This effect has two major consequences: First, the
best-fit parameters do not necessarily characterize the X-
ray emitting gas of the W ′ cloud, as it could be blended
with the underlying Virgo emission. For this reason the
physical conditions of the group gas, such as temper-
ature, density, pressure, cannot be measured precisely.
Second, the surface brightness profile of the emission
also cannot be characterized accurately, since beyond the
virial radius of the Virgo cluster (r200 ∼ 3.9◦) the distri-
bution of the cluster gas is largely unknown.
Acknowledging these uncertainties, we provide an ad-

mittedly crude estimate on the total gravitating mass of
the W ′ cloud within 130 kpc. We assume that the group
gas is isothermal and has a temperature of kT = 1.1 keV,
furthermore we assume that the X-ray gas has a spher-
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Fig. 6.— Chandra image of NGC4342 in the 1.5 − 7 keV en-
ergy range. Contours show isophotes of the galaxy in the K-band
light. Overplotted elliptical regions show the position and extent
of the detected sources. The location and physical properties of
the sources are listed in Table 1.

ically symmetric distribution. Using these assumptions
we estimate that the total gravitating mass within 130
kpc is ∼5× 1012 M⊙. As discussed above, the W ′ cloud
is most likely significantly larger than 130 kpc, therefore
this mass estimate should be considered as a lower limit.
To explore the spatial distribution and better understand
the physical properties of the X-ray gas associated with
the W ′ cloud further X-ray observations would be highly
beneficial.

3.1.4. The velocity of NGC4342

The detection of a cold front and the presence of
large-scale diffuse emission implies that NGC4342 moves
with high velocity through an ambient medium towards
the northeast, i.e. towards NGC4365. The velocity of
NGC4342 can be estimated using the ratio of the ther-
mal pressures at the stagnation point (p0) and in the
free stream (p1) (Vikhlinin et al. 2001). However, sev-
eral uncertainties are involved in this calculation. First,
the path length of the external gas is rather uncertain.
According to Mei et al. (2007) the W ′ cloud may extend
out to ∼400 kpc (Sect. 3.1.3), which is typical for a poor
galaxy group. Second, the thermal pressures are mea-
sured in relatively large regions hence we assume that no
pressure gradients are present. While this may be a good
assumption outside the edge, it somewhat overestimates
the pressure inside the edge. Therefore the p0/p1 ratio
hence the velocity of NGC4342 will be slightly overes-
timated. Finally, due to the underlying Virgo emission
(for discussion see Sect. 3.1.3) the properties of the grup
gas of the W ′ cloud cannot be determined with certainty.
Therefore, if a significant fraction of the external gas orig-
inates from the Virgo cluster, the estimated density and
hence the pressure of the group gas becomes lower, re-
sulting in a larger p0/p1 ratio and a larger velocity for
NGC4342.
To compute the pressure ratios, we extract spectra of

two circular wedges centered on NGC4342 with radii of
0 − 38′′ and 38 − 114′′ and position angle of 80 − 180◦.

Note that the surface brightness edge is located at 38′′

from the galaxy center. For the region inside the edge,
we assume spherical symmetry, whereas outside the edge
we assume a path length of 400 kpc. The spectra were
fit with thermal plasma models as described in Section
3.1.2. The best-fit temperatures inside and outside the
edge are kT0 = 0.65 keV and kT1 = 1.08 keV. From the
emission measure, we compute the number densities in-
side and outside the edge and obtain 1.3 × 10−2 cm−3

and 4.0 × 10−4 cm−3, respectively. The average pres-
sure can be computed as p = 1.9nekT , hence we obtain
p0 = 2.6×10−11 erg cm−3 and p1 = 1.4×10−12 erg cm−3,
implying a pressure ratio p0/p1 = 18.6± 4.8. This pres-
sure ratio corresponds to a Mach-number ofM = 2.6±0.2
Vikhlinin et al. (2001). We stress that the given un-
certainties correspond to the statistical uncertainties in
the determination of the pressures, and do not represent
the above discussed systematic uncertainties. The sound
speed in a kT = 1 keV plasma is cs =

√

(γkT )/µmH =
505 km s−1 assuming γ = 5/3 and µ = 0.62. Thus,
NGC4342 is falling towards NGC4365 with a velocity of
1300± 260 km s−1.
Based on the radial velocities of NGC4342 and

NGC4365, and on the supersonic (∼1300 km s−1) in-
fall velocity of the former galaxy, we determine the
orientation of the motion of NGC4342. The radial
velocities of NGC4342 and NGC4365 are 751 km s−1

and 1243 km s−1, hence the radial velocity difference is
−492 km s−1. Assuming that this value represents the
relative radial velocity between NGC4342 and the ambi-
ent group gas, the plane of the sky velocity of NGC4342
is ∼1200 km s−1. We thus deduce that the direction of
motion of NGC4342 is ∼22◦ relative to the plane of the
sky.

3.2. Diffuse emission in the hard X-ray band

Within the optical extent of NGC4342, we also observe
diffuse X-ray emission in the hard energy band. To com-
pute the total luminosity of the diffuse emission in the
2 − 10 keV energy range, we rely on the spectrum ex-
tracted for the D25 ellipse. The full band spectrum is
described with the a two component model consisting of
a thermal model and a power law model (Sect. 3.1.1).
Since the thermal component does not play a notable
role above ∼1.5 keV energy, the hard tail of the spec-
trum is described by the power law model. The best-fit
slope of the power law is Γ = 1.83+0.34

−0.24, which is in good
agreement with those found for other early-type galaxies
(Bogdán & Gilfanov 2011). Using the best-fit parame-
ters we compute that the 2 − 10 keV band luminosity
of the diffuse emission is 7.5 × 1038 erg s−1. Given the
K-band luminosity of NGC4342 the LX/LK ratio within
D25 ellipse is 2.8× 1028 erg s−1 L−1

K,⊙.
The diffuse X-ray light in the hard band arises presum-

ably from the combined emission of unresolved LMXBs
and faint compact objects (ABs and CVs). We estimate
the contribution of unresolved LMXBs using their av-
erage luminosity function (Gilfanov 2004) following the
method described in Sect. 3.1.1. Below the source de-
tection threshold, we expect 2.4 × 1028 erg s−1 L−1

K,⊙.

Faint unresolved compact objects contribute with (3 −
4) × 1027 erg s−1 L−1

K,⊙ in the 2 − 10 keV energy band
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TABLE 1
Properties of point sources detected within the D25 ellipse of NGC4342.

ID CXOU Name R.A. Dec. Central distance Source counts† Background counts† L0.5−8keV
‡

(J2000) (J2000) (′′) (erg s−1)

1 J122339.0+070314 12:23:39.005 +07:03:14.38 0.3 442 7.5 2.6× 1039

2 J122338.9+070316 12:23:38.916 +07:03:16.93 3.2 177 3.9 1.1× 1039

3 J122339.0+070310 12:23:39.049 +07:03:10.77 3.4 50 11.3 2.4× 1038

4 J122339.3+070312 12:23:39.324 +07:03:12.21 4.9 34 9.8 1.5× 1038

5 J122338.8+070321 12:23:38.810 +07:03:21.42 7.9 60 10.6 3.1× 1038

6 J122339.3+070259 12:23:39.323 +07:02:59.95 14.9 12 2.1 6.1× 1037

7 J122338.9+070330 12:23:38.927 +07:03:30.15 16.0 12 7.1 2.8× 1037

8 J122339.3+070251 12:23:39.384 +07:02:51.38 23.4 11 5.0 3.7× 1037

† The number of source and background counts refer to the 0.5− 8 keV energy range.
‡ Calculated assuming the average LMXB spectrum (Irwin et al. 2003) except for source (1) where its best-fit spectrum was used.

(Bogdán & Gilfanov 2011). Thus, the combination of
these two components is in good agreement with the
observed LX/LK ratios. Hence the bulk of the 2 − 10
keV band diffuse emission originates from the popula-
tion of unresolved LMXBs and unresolved faint compact
objects, mainly ABs and CVs.

4. RESOLVED X-RAY POINT SOURCES

4.1. Resolved sources within the D25 ellipse

Within the D25 ellipse of NGC4342, we detect 8 bright
point sources. In Table 1 we list the position, the number
of total and background counts within the source cells,
and the luminosity of the sources in the 0.5−8 keV energy
band. To estimate the background level at the source
locations we used surrounding annuli or nearby circular
apertures if another source was lying too close.
The most luminous source is coincident with the center

of NGC4342. To study its nature we extracted its X-
ray energy spectrum and fit it with a power law model
with the column density fixed at the Galactic value. The
resulting fit is acceptable, the best-fit slope of the power
law model is Γ = 1.42 ± 0.07. According to the best-fit
model, the luminosity of this source is 2.6×1039 erg s−1.
Based on the position of the nuclear source, we conclude
that it is associated with the supermassive black hole of
NGC4342.
To study the 7 non-central point sources, we extracted

their composite X-ray energy spectrum and fit it with
a power law model assuming Galactic column density.
The resulting acceptable fit yields a power law slope of
Γ = 1.60 ± 0.08. Although not conclusive, the best-fit
model is consistent with the typical LMXB spectrum
(Irwin et al. 2003). To estimate the number of cosmic X-
ray background (CXB) sources within the D25 ellipse, we
rely on the logN−logS distribution of Georgakakis et al.
(2008). To convert the 0.5 − 10 keV band logN − logS
distribution of CXB sources to the 0.5 − 8 keV energy
range, we assumed a power law model with a slope of
Γ = 1.4. Additonally, we also corrected for incomplete-
ness effects using the procedure described in Zhang et al.
(2012). Within the D25 ellipse, the CXB source density
is ≈0.56 arcmin−2, hence we expect ≈0.36 CXB sources.
We thus conclude that majority (∼6 − 7) of the non-
central resolved sources are LMXBs.

4.2. Resolved X-ray sources outside the D25 ellipse

Outside the D25 ellipse we resolved a large number of
point sources. To study the spatial distribution of the de-
tected sources, we divided the surroundings of NGC4342
into three circular annuli centered on the center of the
galaxy. The outer radii of the annuli were 90′′, 140′′, and
190′′, respectively (Fig. 7 left panel). Note, that sources
within the D25 ellipse were excluded. In each annulus we
compute the source density and compare it with the ex-
pected CXB source density, which was computed based
on the logN − logS distribution of Georgakakis et al.
(2008). As before we assumed a power law model with
slope of Γ = 1.4 to convert the 0.5 − 10 keV band
logN−logS distribution to the 0.5−8 keV energy range,
and we applied incompleteness correction following the
method of Zhang et al. (2012).
The right panel of Fig. 7 shows that within 140′′

(∼15.5 kpc in projection) of the center of NGC4342
the observed source density significantly exceeds the ex-
pected CXB source density. In particular, within 140′′

we resolve 28 sources, whereas the predicted number of
background sources is ≈11.1. The ≈16.9 excess sources
correspond to a ∼5σ excess. Beyond a radius of 140′′ the
numbers of detected and expected sources are in good
agreement. Since the CXB level fluctuates only at the
10 − 30% level, it is very likely that the excess sources
are associated with NGC4342.
In Bogdán et al. (2012) we demonstrated that

NGC4342 resides in a massive dark matter halo, which
extends out to at least 10 kpc and possibly much far-
ther. Thus, if the excess X-ray sources are associ-
ated with NGC4342, they are located in its dark mat-
ter halo, outside the optical extent of the galaxy. In
this interpretation, it is feasible that these sources are
LMXBs located in globular clusters (GC-LMXBs). Stud-
ies of GC-LMXBs in nearby galaxies pointed out that
only a few per cent of GCs host LMXBs brighter than
1037 erg s−1 (e.g. Angelini et al. 2001; Kundu et al. 2002;
Zhang et al. 2011). Assuming that 1−2% of blue (metal-
poor) GCs host LMXBs brighter than ∼3×1037 erg s−1,
furthermore attributing the ∼17 excess sources to GC-
LMXBs, we estimate that NGC4342 may host NGC ∼
850− 1700 GCs.
The possibly large GC population is further supported
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Fig. 7.— Left: Hard band (1.5 − 7.5 keV) image of NGC4342 and its surroundings. Bright resolved sources are marked with elliptical
regions. The number of sources and source densities were computed within the overplotted circular annuli. Point sources within the D25

ellipse (shown within the inner circular region) were excluded. Right: Density of resolved sources in the three annuli around NGC4342.
The solid line shows the expected number of CXB sources within each annulus.

by the rather tight correlation between the mass of
the central supermassive black hole (M•) and the num-
ber of GCs in early-type galaxies (Burkert & Tremaine
2010). Given the best-fit M• − NGC relation
(Burkert & Tremaine 2010) and the black hole mass
(Cretton & van den Bosch 1999) of NGC4342 (4.6 ×
108 M⊙ – converted to a distance of 23 Mpc) the pre-
dicted number of GCs is NGC ∼ 1500, in good agree-
ment with that predicted from the number of excess X-
ray sources.
The presence of a notable GC population around

NGC4342 can be confirmed by deep optical observations.
To probe the GC systems around NGC4342, we rely
on the publicly available Canada France Hawaii Tele-
scope / MegaCam (CFHT/MegaCam) imaging and data
products (Blom et al. in preparation). The region of
NGC4342 is covered with the u′ filter image stack (to-
tal 4240 s of exposure and 1.3′′ spatial resolution) and
the g′ and i′ filter stacks (total 3170/2055 s of expo-
sure and 0.93′′/0.60′′ spatial resolution), which allow the
identification of GCs using their locus in u′ − g′ versus
g′ − i′ colour space. We define this locus with objects
also in the NGC4365 GC catalogue derived from Sub-
aru / SuprimeCam (SCam) imaging (Blom et al. 2012).
The spatial distribution of detected GC candidates re-
cover the concentration of GCs around NGC4365 and
also demonstrates an overdensity of GCs centred on
NGC4342. To give a crude estimate on the number
of GC candidates associated with NGC4342, we com-
pare the number of observed GC candidates observed
by the CFHT/MegaCam imaging around NGC4365 and
NGC4342, and use the lower limit on the number of
GCs in NGC4365 (Blom et al. 2012). We conclude that
NGC4342 may host NGC = 1200± 500 GCs. Thus, opti-
cal observations are in good agreement with that deduced
from the number of resolved X-ray sources. The analy-
sis of the GC population of NGC4342 will be discussed

in full particulars in Blom et al. (in preparation). The
connection between the GC population and the resolved
LMXBs is beyond the scope of the present work and will
be studied in a forthcoming paper.
We emphasize that the estimated number of GCs

associated with NGC4342 exceeds by about an order
of magnitude the expected value, based on the opti-
cal luminosity of NGC4342. To further illustrate this
point, we compute the GC specific frequency using
Harris & van den Bergh (1981) and the absolute V-band
magnitude of NGC4342 (MV = −19.45 mag). We obtain
a GC specific frequency of SN = 19.9± 8.3, which is one
of the largest values reported for full-size galaxies (e.g.
Peng et al. 2008).
The color distribution of GCs is bimodal: blue

metal-poor and red metal-rich sub-populations exist
(see Brodie & Strader 2006, and references therein).
Whereas the distribution of the metal-rich popula-
tion follows the stellar light, the metal-poor popula-
tion has a broader distribution (Bassino et al. 2006) and
traces dark matter halos. Thus, the GC population of
NGC4342 is likely to be dominated by metal-poor GCs.
If optical studies confirm the presence of a notable metal-
poor GC population, their formation mechanism can be
constrained. Specifically, the presence of a large metal-
poor GC population in NGC4342 – a galaxy with very
low stellar mass but a massive dark matter halo – would
promote an evolutionary scenario, in which metal-poor
GCs are formed prior to the main stellar body of the
galaxy. This would be consistent with the formation sce-
nario described by Beasley et al. (2002), who – based on
a semianalytic galaxy formation model (Cole et al. 2000)
– suggested that metal-poor GCs are formed at high red-
shift (z > 5) in gas disks in low-mass dark-matter halos
before the major burst of star-formation.

5. CONCLUSIONS
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We studied the diffuse X-ray emission and the pop-
ulation of resolved sources in NGC4342 using Chandra
X-ray observations. Our results can be summarized as
follows:

1. NGC4342 hosts a bright X-ray halo originating
from hot gas with a temperature of kT ∼ 0.6 keV.
The distribution of the hot gas is significantly broader
than that of the stellar light. Within the D25 ellipse,
the 0.5 − 2 keV band luminosity of the diffuse emission
is 2.7 × 1039 erg s−1, which yields an LX/LK ratio of
1.0× 1029 erg s−1 L−1

K,⊙.
2. We detect a sharp surface brightness edge at the

northeastern side of NGC4342, which we identify as a
contact discontinuity or cold front. From the thermal
pressure ratios between inside and outside the edge, we
estimate that NGC4342 is moving supersonically (M ∼
2.6 or ∼1300 km s−1) towards the northeast, i.e. towards
NGC4365.
3. Within the D25 ellipse we resolve 8 point sources.

The brightest source has a luminosity of 2.6×1039 erg s−1

and is located at the center of NGC4342. Hence we con-
clude that this source is associated with the supermassive
black hole of NGC4342.
4. Outside the D25 ellipse we detect 28 bright X-ray

sources, ∼17 more than expected from the cosmic X-ray
background. The excess sources may be LMXBs located
in metal-poor GCs, which systems are associated with
the massive dark matter halo of NGC4342. Since only
a few per cent of GCs host LMXBs brighter than
1037 erg s−1, we estimate that NGC4342 could host
∼850 − 1700 GCs. Optical observations also suggest
that NGC4342 may harbor 1200± 500 GCs.
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Bogdán, Á., Gilfanov, M., 2011, MNRAS, 418, 1901
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